In Escherichia coli the metabolism of thymidine involves at least three enzymes: thymidine phosphorylase (EC 2.4.2.4) (17); 1, 5-phosphodeoxyribomutase (12) , and deoxyribose-5-phosphate aldolase (dR5P); [EC 4.1.2.4 (22)1. All three enzymes have been reported to be induced when the cells are grown in the presence of thymidine (5, 7, 14, 18, 21) . The genes specifying these enzymes are closely linked as revealed by the work of Alikhanian et al. (2) , Lomax and Greenberg (14) , and Ahmad and Pritchard (1) . Whether they form an operon in E. coli has been the subject of considerable recent discussion (1, 7, 14, 19, 20) .
When we began biochemical investigations into such questions as whether the enzyme induction by thymidine depends on ribonucleic acid (RNA) and protein synthesis and whether there is coordinancy of induction of the enzymes in E. coli, the pertinent literature did not record standard conditions for assay of the mutase (PDR mutase). Kammen (13) reported that glucose-i , 6-diphosphate (HDP) stimulated the mutase threefold in crude E. coli extracts and that Mg`+ was not required. The hexose diphosphate does not appear to have been used subsequently by others working with E. coli. Another assay included adenosine triphosphate (ATP) and Mg2+ (5, 18) in sonically disrupted preparations (5, 18) . Subsequently, it was reported that ultrasound destroyed the enzyme (19) . Breitman spheroplasts of E. coli 15 in the presence of manganous chloride; the concentration of Mn2+ ion subsequently carried along in the incubation procedure is difficult to calculate. The mutase activities these workers obtained were the highest among the several investigating laboratories. In their original investigation in 1952, Hoffmann and Lampen (12) disrupted E. coli with ultrasound and removed nucleoproteins with MnCl2. The clarified extract was dialyzed only briefly and Mn2+ may have been included in the reaction mixture used for assay of the mutase.
Recently, Hoffee and Robertson (11) partially purified the PDR mutase of Salmonella typhimurium. It had an absolute requirement for Mn2+ and was stimulated by HDP. Sulfhydryl compounds stabilized the enzyme. Their assay determined dR5P which was formed from deoxyribose-1-phosphate and employed the purified dR5P aldolase, alcohol dehydrogenase, and nicotinamide adenine dinucleotide (11) .
We report a colorimetric assay for the mutase in extracts of sonically disrupted E. coli K-12 which includes manganous ions, 2-mercaptoethanol, and HDP as cofactors, but avoids the use of enzymes as reagents; a preliminary report has appeared (R. J. Bonney and H. Weinfeld, Bacteriol. Proc., p. 138, 1970).
MATERIALS AND METHODS
Compounds. Eastman Organic Chemicals supplied 2-mercaptoethanol (ME). Thymine, thymidine, 2-deoxyribose-l-phosphate (dRIP) cyclohexylammonium 650 ASSAY FOR PHOSPHODEOXYRIBOMUTASE OF E. COLI salt, HDP tetrapotassium salt, and 2-deoxyadenosine were purchased from Calbiochem. 2-Deoxyribose-5-phosphate (dR5P) disodium salt was obtained from Sigma Chemical Co. Crystalline egg white lysozyme was obtained from Worthington Biochemical Corp.
HDP was dissolved at 5 X 10-4 M in ice-cold 0.2 M tris(hydroxymethyl)aminomethane (Tris)-hydrochloride buffer (pH 7.4) and stored frozen. The deoxyribose phosphates were dissolved individually in ice-cold 0.2 M Tris-hydrochloride buffer (pH 7.4) to provide 5 mm solutions. The deoxyribose content of each solution was determined by the diphenylamine reaction (8) by using 2'-deoxyadenosine as standard, the concentration of which was determined by ultraviolet spectrophotometry. All the phosphate of the dRlP was liberated at pH 4 and room temperature in 10 min, as expected (9) , and was equimolar to the deoxyribose. Under these conditions dR5P was stable. The solutions were stored frozen.
Analytical methods. Protein was determined by the procedure of Lowry et al. (16) with crystalline bovine serum albumin as standard. Routine analysis for inorganic phosphate was carried out by the method of Lowry and Lopez (15) . The method of Friedkin and Roberts (10) was used to determine thymidine phosphorylase and that of Breitman and Bradford (7) to determine dR-S-P aldolase.
Organisms and culture media. E. coli W31 10 and mutants prepared from it in this laboratory were maintained in nutrient agar stabs. The liquid growth medium was M9 (3) containing 0.2% glycerol as the carbon source. Cells were grown at 37 C with air pumped through the culture. The extent of growth was determined by measuring the optical density of the culture at 550 nm in a Zeiss PMQII spectrophotometer; viable cells were determined from the number of colonies which formed at 37 C after spreading a portion of the culture on tryptone agar plates. Some growth experiments were performed on solid media which consisted of purified agar and M9; either 0.2% glucose or 0.2% thymidine were used as a carbon source. Cells were spread on these media and incubated at 37 C for 48 hr.
A mutant of W31 10 which required 2 ,ug of thymine per ml for growth in M9-glycerol was isolated by the method of Stacey and Simson (24) by using the folate antagonist trimethoprim, kindly supplied by G. H. Hitchings. It was found that this mutant, although able to grow readily on M9-glucose agar supplemented with thymnine or thymidine, could not grow on M9-thymidine agar. The wild-type parent grew well on either carbon source. The mutant, designated 5-1 A, was tentatively identified as a PDR mutase-negative cell by the lack of its inhibition of growth on M9-glucose agar spotted with 500 ,g of thymidine, essentially by the method of Lomax and Greenberg (14) . This derived stain had thymidine phosphorylase and dR5P aldolase activities equal to that of the parent W3110, but the two enzymes could not be induced by thymidine (results not shown). Such failure of induction is in accord with Breitman and Bradford's observations that mutase-negative cells are not inducible by thymidine (7) .
Propagation of cells for enzyme assays. Cells were transferred by stabbing from the nutrient agar into 1% Tryptone broth (Difco) containing 0.5% NaCl (pH 7.0 to 7.2). After growth for 18 hr at 37 C with aeration, 0.01 ml of this culture was transferred to 10 ml of M9-glycerol. After growth for 18 hr, this working culture was stored in the refrigerator and served as the source of the experimental cultures for no longer than 10 days. The cells used for enzyme assays were prepared in the following way. From the working culture, a 0.1% inoculum in fresh M9-glycerol was grown for 18 hr. The cells were centrifuged at 15,000 X g at 0 C for 10 min and were inoculated into fresh medium, with or without 10-3 M thymidine, to give a cell density of approximately 3 X 108. The generation time was approximately 120 min. After one or more generations, the cells were harvested by centrifugation as described above. They were washed twice with ice-cold 0.02 M Tris-hydrochloride (pH 7.4), centrifuging after each washing. The cell pellet was used imme iately for enzyme extraction or was stored frozen for 24 hr before use.
Preparation of cell extracts: (i) ultrasonic extracts. The fresh cell pellet was suspended in ice-cold 0.02 M Tris-hydrochloride (pH 7.4) to provide about 1010 cells per ml. The frozen cell pellet was thawed at the temperature of cold tap water and suspended in the same buffer on a comparable basis. Five milliliters of either suspension, maintained at ice-bath temperature in a stainless-steel Branson "cold shoulder" container, was subjected to ultrasound for 1 min by means of a Branson Cell Disrupter and microtip at the 65-w setting. The ruptured material was then centrifuged at 15,000 X g at 0C for 10 min, and the sediment was discarded. The slightly opalescent supernatant fluid was analyzed immediately. Extracts prepared from cultures grown with 10-3 M thymidine were diluted threefold with cold 0.02 M Tris-hydrochloride (pH 7.4) before assaying. The amount of extract used per assay tube was 0.05 to 0.20 ml.
(ii) Frozen-thawed lysozyme spheroplasts. The thawed or the fresh cell-pellet was suspended in 0.02 M Tris-hydrochloride (pH 7.4) containing 50 ,ug of egg white lysozyme per ml to give a cell density of 1010/ml. The mixture was incubated at 37 C for 10 min. The tube was immersed in a mixture of frozen CO2 and ethanol; after the contents had frozen, they were thawed at the temperature of cold tap water. The freeze-thaw cycle was repeated once. The lysate was clarified by centrifugation as above, and the slightly opalescent supernatant liquid was analyzed immediately.
Assay for PDR mutase activity. Some of the studies on thymidine metabolism in E. coli (5, 7) used an assay for PDR mutase in cell extracts which measures the disappearance of the substrate dRiP rather than the appearance of the product dR5P, since the product is rapidly degraded by the dR5P aldolase. The amount of dRIP which remains after suitable periods of incubation is determined by measuring the inorganic phosphate released from the ester at pH 4 (9) . The consumption of dRlP is calculated by subtraction of the remaining amount of pH 4-labile phosphate from the initial amount. 
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This chemistry also forms the basis for the PDR mutase assay used in the present study. However, the necessary modification in this work is the use of an analytical procedure that allows the colorimetric determination of inorganic phosphate at pH 4 (15) in the presence of relatively high concentrations of 2-mercaptoethanoi. The method used is essentially that of Rathbun and Betlach (23) .
All assay tubes contained 0.5 ,umole of dRIP in a total volume of 0.5 ml. In all cases, the buffer was 6.8 X 10-M Tris-hydrochloride, (pH 7.4), and all reaction mixtures contained 10-5 M ethylenediaminetetraacetic acid (EDTA). The amount of cell extract was 0.05 to 0.2 ml. Variations with respect to the concentration of MnCI2, HDP, and ME, appear in the Results section. Incubation occurred at 37 C for different periods of time. The reaction was terminated by the addition of an equal volume of ice-cold 5% trichloroacetic acid. Unless otherwise stated, initial substrate concentration is established by incubating the reaction mixture containing the substrate without extract for the same period of time, acidifying with trichloroacetic acid, followed by the addition of the appropriate amount of extract. The mixtures are centrifuged at 500 X g at 0 C for 10 min. From the supernatant fraction, 0.25 ml is pipetted into an equal volume of 2.5% trichloroacetic acid. This is immediately brought to pH 4 by the addition of 2 ml of 3 M acetate buffer (one part 3 M acetic acid plus one part 3 M sodium acetate) containing 4% formaldehyde, as in the method of Rathbun and Betlach (23) . For the development of color, 0.1 ml of 2% ammonium molybdate is added and the contents are mixed well; 0.2 ml of 6.75 mM stannous chloride is then added and the contents are mixed by inversion twice and allowed to stand at room temperature for 15 min. The optical density at 735 nm (Zeiss PMQII spectrophotometer, 1-cm light path) is determined by using a blank containing water and the reagents. Under these conditions, 1 ,umole of dRIP per ml to which the extract is added last has an optical density of 0.720 to 0.760, whereas at the same concentration that of dR5P is 0.020 to 0.050. These small variations are caused by the extract. The extract blank is constant over 60 min of incubation. The optical density is directly proportional to the dRIP concentration from 0.100 to 1.00 ,umole/ml in the incubated mixture. Solutions containing all of the reaction components in 0.3 M mercaptoethanol (see Fig. 1 With the information available from the reports of Kammen (13) and of Hoffee and Robertson (11), EDTA, manganous ions, ME, and HDP were added to ultrasonic extracts containing dRiP. The three supplements together allowed a very substantial rate of disappearance of dRlP as illustrated by Fig. 1 . With 126 ,ug of protein per ml from an extract obtained from mid-log-phase cells (grown in the absence of thymidine), the disappearance of dRiP was directly proportional to time of incubation throughout a 90-min period; with 504 ,tg of protein per ml, direct proportionality was observed up to 60 min, by which time 60% of the substrate had been consumed.
The amount of dRlP that disappeared in 60 min was directly proportional to the amount of extract added (Fig. 2) . Identically prepared ultrasonic extracts from the low-thymine-requiring mutant, 5-lA, containing the same supplements were completely inactive (Fig. 2) , since all the pH 4-hydrolyzable phosphate was quantitatively recovered at the end of 60 min of incubation.
This mutant, in contrast to the wild type, failed to grow on thymidine as a sole source of carbon as previously described. To FIG. 1 . Phosphodeoxyribomutase activity as a function of the time ofincubation at 37 C. The concentrations of the components in the reaction mixture were: 6.8 X 10-2 M Tris-hydrochloride, pH 7.4; 105 M EDTA; 0.3 M 2-mercaptoethanol; 10-3 M manganous chloride; 2.5 X 10-6 M glucose-1,6-diphosphate; 10-2 M NaF; and 10-3 m deoxyribose-l-phosphate. The extract was obtained from late-log-phase cells which were stored frozen before ultrasonic treatment for 24 hr. The amounts ofprotein incubated were 504 Ag/ml (0) and 126 ug/ml (@). Each point is the average of duplicate determinations.
an active thymidine phosphorylase, PDR mutase, and dR5P aldolase to produce two and three carbon fragments (22) for growth. The mutant contained wild-type levels of thymidine phosphorylase and dR5P aldolase. This predicts that this cell is deficient in PDR mutase. The prediction is borne out by the results shown in Fig. 2 .
Cofactor requirements of PDR mutase activity in sonic extracts of E. coli W3110. The PDR mutase has an absolute requirement for a sulfhydrylcontaining compound supplied in this work as 2-mercaptoethanol. With 10-3 M Mn2+ and 2.5 X 10-6 M HDP added to the reaction mixture, the optimum concentration of mercaptoethanol is between 0.2 and 0.5 M (Fig. 3) . At 0.3 M ME and 10-6 M EDTA, the addition of manganous ions revealed the presence of the PDR mutase; the (Fig. 4) . Mg2+ could not substitute for Mn2+.
In the presence of 0.3 M ME and 10-3 M MW+, the optimal concentration of HDP was found to be 2.5 X 10-6 M (Fig. 5) For this purpose and to determine simultaneously the reproducibility of the method, E. coli W31 10 was grown in log phase in the absence and presence of 10-3 M thymidine. After the cells were collected, a portion from each culture was analyzed immediately; a second portion was stored in the freezer after washing as previously described. The frozen pellet was thawed 24 hr later at the temperature of cold tap water, and the enzyme activity was determined. Repressed cells in each of the experiments were those grown in the absence of thymidine for one generation. Simultaneously, from the same overnight culture that served as the source of the repressed cells, the induced cells were grown in the presence of 10-M thymidine. Frozen cells were prepared and stored as described in the text. The assay conditions are those given in the legend to Fig. 1 .
method for the determination of phosphodeoxyribomutase in sonic extracts prepared from E. coli. The failure of other workers (19, 20) to observe mutase activity in sonic extracts may have been due to lack of a sulfhydryl compound and Mns+ in the reaction mixture.
Some laboratories (5, 18, 20) have assayed for the mutase by measuring the disappearance of dRlP by means of the diphenylamine reaction which is specific for deoxyribose. With that method, in the absence of added MnS+, ME, and HDP, the mutase specific activity in sonically prepared extracts of E. coli C600 (5), a K-12 derivative (4), and E. coli W3110 (18) was 5 to 6 nmoles per min per mg of protein after growth of the cells in 8 X 10-4 to 2 X 10-3 M thymidine for one generation. These levels are about onetenth that found for E. coli W3110 when grown in 10-3 M thymidine in the present work. The lower levels are most probably a reflection of the lack of optimal conditions for the assay.
Recently, Beacham (6) devised a procedure that measures the product of PDR mutase activity, dR5P, by trapping it as the phenylhydrazone which is then determined by ultraviolet spectrophotometry. That procedure does not include manganous ions or a sulfhydryl compound in the reaction mixture. The specific activity of the mutase in sonically treated preparations of E. coli C600, grown in the absence of thymidine, was about one-fifteenth that found for E. coli W31 10, also grown in the absence of the nucleoside in the current study. We have not yet determined whether manganous ions and a sulfhydryl compound will interfere in the trapping method.
In E. coli 15, Breitman and Bradford (7) In our hands, the present assay has produced the highest specific activities of the PDR mutase in extracts of E. coli, which have thus far been recorded in the literature. Additionally, the results are reproducible under the growth conditions so far examined. These findings should allow one to use the procedure as a reliable tool for the study ofthe intracellular regulation ofthe enzyme.
